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Methods and systems for dynamically maintaining a map of
robotic devices 1n an environment are provided herein. A
map of robotic devices may be determined, where the map
includes predicted future locations of at least some of the
robotic devices. One or more robotic devices may then be
caused to perform a task. During a performance of the task
by the one or more robotic devices, task progress data may
be received {from the robotic devices, indicative of which of
the task phases have been performed. Based on the data, the
map may be updated to include a modification to the
predicted future locations of at least some of the robotic
devices. One or more robotic devices may then be caused to
perform at least one other task in accordance with the
updated map.
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FIG. 2B
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DETERMINING A MAP OF A PLURALITY OF ROBOTIC DEVICES
WITHIN A PHYSICAL ENVIRONMENT, WHERE THE MAP INCLUDES :
PREDICTED FUTURE LOCATIONS OF AT LEAST SOME OF THE 300
PLURALITY OF ROBOTIC DEVICES

CAUSING ONE OR MORE ROBOTIC DEVICES OF THE PLURALITY TO
PERFORM A TASK COMPRISING ONE OR MORE TASK PHASES 0

DURING A PERFORMANCE OF AT LEAST ONE OF THE ONE OR
MORE TASK PHASES BY THE ONE OR MORE ROBOTIC DEVICES,
RECEIVING, FROM THE ONE OR MORE ROBOTIC DEVICES, TASK

PROGRESS DATA INDICATIVE OF WHICH OF THE ONE OR MORE 04
TASK PHASES HAVE BEEN PERFORMED BY THE ONE OR MORE ’
ROBOTIC DEVICES

BASED ON THE RECEIVED TASK PROGRESS DATA, UPDATING THE
MAP OF THE PLURALITY OF ROBOTIC DEVICES WITHIN THE
PHYSICAL ENVIRONMENT, WHERE THE UPDATED MAP INCLUDES
AT LEAST ONE MODIFICATION TO THE PREDICTED FUTURE
LOCATIONS OF AT LEAST SOME OF THE PLURALITY OF ROBOTIC
DEVICES

Cn?
L
L

CAUSING THE ONE OR MORE ROBOTIC DEVICES TO PERFORM AT
LEAST ONE OTHER TASK PHASE IN ACCORDANCE WITH THE

UPDATED MAP JUG

FIG. 3



US 10,022,867 B2

Sheet 8 of 11

Jul. 17, 2018

U.S. Patent

V¥ Ol




U.S. Patent

Jul. 17, 2018 Sheet 9 of 11

~
.--I""-
y
i
-

US 10,022,867 B2

o g
7 =
-
o~
~
-~
”
-~
g
/
/
/
/
f X
~cg |
\
\
\
\
\
\
o 2]
\ enesew -
£
' /
.»“"L !
it )
ot Rl AR "
3 * PSS
/ =
™l




U.S. Patent Jul. 17, 2018 Sheet 10 of 11 US 10,022,867 B2

OO0 OOE




U.S. Patent Jul. 17, 2018 Sheet 11 of 11 US 10,022,867 B2

DETERMINING A MAP OF THE PLURALITY OF OBJECTS
UNDERGOING MANIPULATION BY THE PLURALITY OF ROBOTIC
DEVICES WITHIN THE PHYSICAL ENVIRONMENT, WHERE THE MAP
INCLUDES PREDICTED FUTURE LOCATIONS OF AT LEAST SOME U0
OF THE PLURALITY OF OBJECTS

CAUSING ONE OR MORE ROBOTIC DEVICES OF THE PLURALITY
TO PERFORM A TASK COMPRISING ONE OR MORE TASK PHASES

DURING A PERFORMANCE OF AT LEAST ONE OF THE ONE OR

MORE TASK PHASES BY THE ONE OR MORE ROBOTIC DEVICES,

RECEIVING, FROM THE ONE OR MORE ROBOTIC DEVICES, TASK

PROGRESS DATA INDICATIVE OF WHICH OF THE ONE OR MORE £nd

TASK PHASES HAVE BEEN PERFORMED BY THE ONE OR MORE
ROBOTIC DEVICES

BASED ON THE RECEIVED TASK PROGRESS DATA, UPDATING
THE MAP OF THE PLURALITY OF OBJECTS UNDERGOING
MANIPULATION BY THE PLURALITY OF ROBOTIC DEVICES WITHIN
THE PHYSICAL ENVIRONMENT, WHERE THE UPDATED MAP
INCLUDES AT LEAST ONE MODIFICATION TO THE PREDICTED o6
FUTURE LOCATIONS OF AT LEAST SOME OF THE PLURALITY OF
OBJECTS

FIG. 5
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DYNAMICALLY MAINTAINING A MAP OF A
FLEET OF ROBOTIC DEVICES IN AN
ENVIRONMENT TO FACILITATE ROBOTIC
ACTION

CROSS-REFERENCE TO RELATED
APPLICATION

The present disclosure claims priority to U.S. Provisional
Application No. 62/078,250, filed on Nov. 11, 2014, the
entire contents of which are herein incorporated by refer-
ence.

BACKGROUND

A warchouse may be used for storage of goods by a
variety ol different types of commercial entities, including,
manufacturers, wholesalers, and transport businesses.
Example stored goods may include raw matenals, parts or
components, packing materials, and finished products. In
some cases, the warchouse may be equipped with loading
docks to allow goods to be loaded onto and unloaded from
delivery trucks or other types of vehicles. The warehouse
may also use rows of pallet racks to allow for storages of
pallets, flat transport structures that contain stacks of boxes
or other objects. Additionally, the warchouse may have
machines or vehicles for lifting and moving goods or pallets
of goods, such as cranes and forklifts. Human operators may
be employed to operate machines, vehicles, and other equip-
ment. In some cases, one or more of the machines or
vehicles may be robotic devices guided by computer control
systems.

SUMMARY

Example systems and methods may provide for dynami-
cally maintaining a map of a fleet of robotic devices 1n a
physical environment, such as a warchouse. More specifi-
cally, a system configured to manage the tleet of robotic
devices may determine a map of the environment indicating
locations at which at least a portion of the fleet 1s predicted
to be 1n the future. Over time, robotic devices of the fleet
may operate 1n coordination with each other in the environ-
ment. For instance, robotic devices may cooperatively move
objects from one location 1n the environment to another. As
the robotic devices operate 1n the environment, the robotic
devices may send data to the system. Within examples, such
data may include updated locations of the robotic devices 1n
the environment and/or may include an update to a status of
a task that the robotic devices are performing. The system
can then use the data to adjust the predicted locations, make
updates to the map, and send the updates to various robotic
devices of the fleet to facilitate further operation of the tleet
in the environment.

In one aspect, the present application describes a method.
The method may involve determining a map of a plurality of
robotic devices within a physical environment, where the
map includes predicted future locations of at least some of
the plurality of robotic devices. The method may also
involve causing one or more robotic devices of the plurality
to perform a task comprising one or more task phases. The
method may further involve during a performance of at least
one of the one or more task phases by the one or more
robotic devices, recerving, from the one or more robotic
devices, task progress data indicative of which of the one or
more task phases have been performed by the one or more
robotic devices. The method may still further involve, based

10

15

20

25

30

35

40

45

50

55

60

65

2

on the recerved task progress data, updating the map of the
plurality of robotic devices within the physical environment,
where the updated map includes at least one modification to
the predicted future locations of at least some of the plurality
of robotic devices. The method may yet still further involve,
causing the one or more robotic devices to perform at least
one other task phase 1n accordance with the updated map.

In another aspect, the present application describes a
system. The system may comprise a plurality of robotic
devices within a physical environment, at least one proces-
sor, and data storage comprising instructions executable by
the at least one processor to cause the system to perform
operations. The operations may include determining a map
of the plurality of robotic devices within the physical
environment, where the map includes predicted future loca-
tions of at least some of the plurality of robotic devices. The
operations may also include causing one or more robotic
devices of the plurality to perform a task comprising one or
more task phases. The operations may further include,
during a performance of at least one of the one or more task
phases by the one or more robotic devices, receiving, from
the one or more robotic devices, task progress data indica-
tive of which of the one or more task phases have been
performed by the one or more robotic devices. The opera-
tions may still further include, based on the received task
progress data, updating the map of the plurality of robotic
devices within the physical environment, where the updated
map 1includes at least one modification to the predicted
future locations of at least some of the plurality of robotic
devices. The operations may yet still further include, causing
the one or more robotic devices to perform at least one other
task phase in accordance with the updated map.

In still another aspect, the present application describes a
system comprising a plurality of robotic devices configured
to manipulate a plurality of objects within a physical envi-
ronment, at least one processor, and data storage comprising
instructions executable by the at least one processor to cause
the system to perform operations. The operations may
include determining a map of the plurality of objects under-
going manipulation by the plurality of robotic devices within
the physical environment, where the map includes predicted
future locations of at least some of the plurality of objects.
The operations may also include causing one or more
robotic devices of the plurality to perform a task comprising
one or more task phases. The operations may further include
during a performance of at least one of the one or more task
phases by the one or more robotic devices, receiving, from
the one or more robotic devices, task progress data indica-
tive ol which of the one or more task phases have been
performed by the one or more robotic devices. The opera-
tions may still further include, based on the received task
progress data, updating the map of the plurality of objects
undergoing mampulation by the plurality of robotic devices
within the physical environment, where the updated map
includes at least one modification to the predicted future
locations of at least some of the plurality of objects.

In yet another aspect, a system 1s provided that includes
a means for determiming a map of a plurality of robotic
devices within a physical environment, where the map
includes predicted future locations of at least some of the
plurality of robotic devices. The system may also include a
means for causing one or more robotic devices of the
plurality to perform a task comprising one or more task
phases. The system may further include a means for during
a performance of at least one of the one or more task phases
by the one or more robotic devices, receiving, from the one
or more robotic devices, task progress data indicative of
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which of the one or more task phases have been performed
by the one or more robotic devices. The system may still
further include a means for, based on the received task
progress data, updating the map of the plurality of robotic
devices within the physical environment, where the updated
map includes at least one modification to the predicted
tuture locations of at least some of the plurality of robotic
devices. The system may yet still further include a means for
causing the one or more robotic devices to perform at least
one other task phase 1n accordance with the updated map.

The foregoing summary 1s 1illustrative only and 1s not
intended to be 1 any way limiting. In addition to the
illustrative aspects, implementations, and features described
above, further aspects, implementations, and features will
become apparent by reference to the figures and the follow-
ing detailed description.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1A shows a robotic fleet, according to an example
embodiment.

FIG. 1B 1s a functional block diagram illustrating com-
ponents of a robotic fleet, according to an example embodi-
ment.

FIG. 2A shows a robotic truck unloader, according to an
example embodiment.

FIG. 2B shows a robotic arm on a pedestal, according to
an example embodiment.

FIG. 2C shows an autonomous guided vehicle, according
to an example embodiment.

FI1G. 2D shows an autonomous fork truck, according to an
example embodiment.

FIG. 3 1s a flow chart of an example method, 1n accor-
dance with at least some implementations described herein.

FIG. 4 A 1illustrate example operation of a robotic fleet in
a warchouse, 1n accordance with at least some 1mplemen-
tations described herein.

FIGS. 4B and 4C illustrate example maps of a robotic
fleet operating 1n a warehouse, 1n accordance with at least
some 1mplementations described herein.

FIG. 5 1s a flow chart of another example method, in
accordance with at least some implementations described
herein.

DETAILED DESCRIPTION

Example methods and systems are described herein. Any
example 1implementation or feature described herein 1s not
necessarilly to be construed as preferred or advantageous
over other implementations or features. The example imple-
mentations described herein are not meant to be limiting. It
will be readily understood that certain aspects of the dis-
closed systems and methods can be arranged and combined
in a wide variety of different configurations, all of which are
contemplated herein.

Furthermore, the particular arrangements shown in the
Figures should not be viewed as limiting. It should be
understood that other implementations might include more
or less of each element shown 1n a given Figure. Further,
some of the 1llustrated elements may be combined or omit-
ted. Yet further, an example implementation may include
clements that are not illustrated in the Figures.

An example arrangement includes a heterogeneous fleet
of robotic devices that occupy a physical environment and a
control system configured to manage the robotic devices of
the fleet. The control system may determine an imtial map
of the fleet of robotic devices. Such a map may include

10

15

20

25

30

35

40

45

50

55

60

65

4

various forms of information, such as current locations of
one or more robotic devices of the fleet and/or anticipated
locations and trajectories of where the robotic devices are
likely or certain to be at times in the future. Further, the
information may include current and anticipated future
locations of objects as well, such as packages or other
objects that can be manipulated 1n a physical environment
such as a warehouse or factory. Still further, the information
can include mmformation about fixed locations or structures
within the environment as well, such as recognizable pat-
terns and textures present at such locations and/or on such
structures.

The control system may use high-level planning to 1ni-
tially predict where robotic devices may be located in the
future and when the robotic devices will be at those loca-
tions. For istance, the control system may plan for boxes to
be taken from a storage facility and loaded onto a truck for
shipment. Thus, the control system may predict that a group
of robotic devices may work 1n coordination with each other
at various locations in the environment in order to transport
the boxes from the facility to the truck. The control system
may make such initial predictions 1n other manners as well.

The control system may assign tasks to be performed by
various robotic devices of the tleet, such as maneuvering
within the environment, delivering objects from one location
to another, moving an obstacle out of the way of other
robotic devices, among other possibilities. Over time, as
robotic devices of the fleet are performing tasks assigned to
them by the control system, the robotic devices may provide,
or “publish,” task progress data to the control system. Such
task progress data may serve as a means to notify the control
system of a current status of a task being performed, such as
when and where one or more phases of the task have been
completed by the robotic devices and/or where, when, and
how the robotic devices have deviated from an assigned task
(e.g., due to a device malfunction, being delayed by an
obstacle, being delayed by another robotic device being late
in performing an associated task phase, etc.). The task
progress data may serve as a means to notily the control
system of other information as well, such as the locations of
objects or other robotic devices 1n the environment.

The 1nmitial map may be dynamically updated based on the
task progress data received by the control system from
members of the tleet of robotic devices, thereby making the
map a collaboratively maintained map. In particular, based
on the task progress data received from the robotic devices
of the fleet, the control system may make adjustments to the
initially-predicted future locations (and possibly adjust ini-
tially-predicted times at which robotic devices are expected
to reach the mitially-predicted future locations) and update
the map accordingly. For example, i1 the task progress data
indicates that a robotic device has to alter 1ts route 1n order
to avoid a newly-discovered obstacle, the control system
may retlect this alteration 1n the updated map. As another
example, 11 the task progress data indicates that a first
robotic device has successiully handed off an object to a
second robotic device ahead of schedule, where the second
robotic device 1s to then travel to a handoil location to hand
ofl the object to be transported by a third robotic device, the
control system may update the second robotic device’s
predicted future location to retlect that the second robotic
device 1s expected to arrive at the handofl location ahead of
schedule. Other examples are also possible.

The control system or other computing system may then
provide, or “publish,” the updated map to the fleet of robotic
devices to facilitate the performance of other tasks or other
actions of the fleet 1n the environment. In particular, updated
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anticipated locations and trajectories of the fleet may facili-
tate collaborative, coordinated activity between one or more
robotic devices. For instance, the updated map may enable
robotic devices to perform a coordinated task, such as a
manipulation of an object, avoiding a collision with other
robotic devices and objects, or searching for a lost object.

A dynamically and collaboratively maintained map may
serve various purposes. By way of example, a first robotic
device of the fleet may be given instructions by a control
system to perform a task, such as transporting an object to
be manipulated by a second robotic device of the fleet. In
addition, the second robotic device may be given instruc-
tions by the global control system to perform a task after
completion of the first task by the first robotic device (e.g.,
to receive the object from the first robotic device and bring
the object to another location). Consequently, the actions of
the first robotic device can aflect the performance of the
second robotic device. Thus, 1t may be desirable for the first
robotic device to be provided with a map that includes a
location where the second robotic device may be 1n the near
tuture (e.g., a location at which the first robotic device can
hand over the object to the second robotic device). Likewise,
it may be desirable for the second robotic device to be
provided with a map that includes a location where the first
robotic device may be 1n the near future. In addition, because
actions of some robotic devices may aflect others, the map
can be updated to reflect changes 1n predicted future loca-
tions of robotic devices, and thus an updated map can enable
the first and second robotic devices to adjust their actions
accordingly 1f necessary, and/or to prepare for subsequent
tasks after the object has been handed over.

Reference will now be made 1n detail to various embodi-
ments, examples of which are 1llustrated in the accompany-
ing drawings. In the following detailed description, numer-
ous specific details are set forth in order to provide a
thorough understanding of the present disclosure and the
described embodiments. However, the present disclosure
may be practiced without these specific details. In other
instances, well-known methods, procedures, components,
and circuits have not been described 1n detail so as not to
unnecessarily obscure aspects of the embodiments.

Example embodiments may involve a robotic tleet
deployed within a warechouse environment. More specifi-
cally, a combination of fixed and mobile components may be
deployed within the environment to facilitate automated
processing ol boxes, packages, or other types ol objects.
Example systems may involve automated loading and/or
unloading of boxes and/or other objects, such as into storage
containers or to and from delivery vehicles. In some
example embodiments, boxes or objects may be automati-
cally organized and placed onto pallets. Within examples,
automating the process of loading/unloading trucks and/or
the process of creating pallets from objects for easier storage
within a warechouse and/or for transport to and from the
warchouse may provide a number of industrial and business
advantages.

According to various embodiments, automating the pro-
cess of loading/unloading delivery trucks at the warehouse
and/or the process ol creating pallets may include the
deployment of one or more different types of robotic devices
to move objects or perform other functions. In some embodi-
ments, some of the robotic devices can be made mobile by
coupling with a wheeled base, a holonomic base (e.g., a base
that can move 1n any direction), or rails on the ceiling, walls
or floors. In additional embodiments, some of the robotic
devices may be made fixed within the environment as well.
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For instance, robotic manipulators can be positioned on
clevated bases at different chosen locations within a ware-
house.

As used herein, the term “warchouse” may refer to any
physical environment in which boxes or objects may be
mampulated, processed, and/or stored by robotic devices. In
some examples, a warchouse may be a single physical
building or structure, which may additionally contain certain
fixed components, such as pallet racks for storing pallets of
objects. In other examples, some fixed components may be
installed or otherwise positioned within the environment
before or during object processing. In additional examples,
a warchouse may include multiple separate physical struc-
tures, and/or may also include physical spaces that are not
covered by a physical structure as well.

Further, the term “boxes™ may refer to any object or item
that can be placed onto a pallet or loaded onto or unloaded
from a truck or container. For example, mn addition to
rectangular solids, “boxes” can refer to cans, drums, tires or
any other “simple” shaped geometric 1tems. Additionally,
“boxes” may refer to totes, bins, or other types of containers
which may contain one or more items for transport or
storage. For instance, plastic storage totes, fiberglass trays,
or steel bins may be moved or otherwise manipulated by
robots within a warehouse. Examples herein may also be
applied toward objects other than boxes as well, and toward
objects of various sizes and shapes. Additionally, “loading™
and “unloading” can each be used to imply the other. For
instance, 1 an example describes a method for loading a
truck, 1t 1s to be understood that substantially the same
method can also be used for unloading the truck as well. As
used herein, “palletizing” refers to loading boxes onto a
pallet and stacking or arranging the boxes 1n a way such that
the boxes on the pallet can be stored or transported on the
pallet. In addition, the terms “palletizing” and *“depalletiz-
ing” can each be used to imply the other.

Within examples, a heterogeneous robot fleet may be used
in a warchouse setting for a number of different applications.
One possible application includes order fulfillment (e.g., for
individual customers), 1n which cases may be opened and
individual items from the cases may be put into packaging
within boxes to fulfill individual orders. Another possible
application includes distribution (e.g., to stores or other
warchouses), 1n which mixed pallets may be constructed
containing groups of different types of products to ship to
stores. A further possible application includes cross-dock-
ing, which may involve transporting between shipping con-
tainers without storing anything (e.g., items may be moved
from four 40-foot trailers and loaded into three lighter
tractor trailers, and could also be palletized). Numerous
other applications are also possible.

Referring now to the figures, FIG. 1A depicts a robotic
fleet within a warehouse setting, according to an example
embodiment. More specifically, diflerent types of robotic
devices may form a heterogeneous robotic fleet 100 that may
be controlled to collaborate to perform tasks related to the
processing ol items, objects, or boxes within a warehouse
environment. Certain example types and numbers of difler-
ent robotic devices are shown here for 1llustration purposes,
but robotic fleet 100 may employ more or fewer robotic
devices, may omit certain types shown here, and may also
include other types of robotic devices not explicitly shown.
Additionally, a warehouse environment 1s shown here with
certain types of fixed components and structures, but other
types, numbers, and placements of fixed components and
structures may be used in other examples as well.
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One example type of robotic device shown within robotic
fleet 100 1s an autonomous guided vehicle (AGV) 112,
which may be a relatively small, mobile device with wheels
that may function to transport individual packages, cases, or
totes from one location to another within the warehouse.
Another example type of robotic device 1s an autonomous
fork truck 114, a mobile device with a forklift that may be
used to transport pallets of boxes and/or to lift pallets of
boxes (e.g., to place the pallets onto a rack for storage). An
additional example type of robotic device 1s a robotic truck
loader/unloader 116, a mobile device with a robotic manipu-
lator as well as other components such as optical sensors to
facilitate loading and/or unloading boxes onto and/or off of
trucks or other vehicles. For instance, robotic truck unloader
116 may be used to load boxes onto delivery truck 118,
which may be parked adjacent to the warehouse. In some
examples, movements of delivery truck 118 (e.g., to deliver
packages to another warehouse) may also be coordinated
with robotic devices within the fleet.

Other types of mobile devices than those 1llustrated here
may also be mcluded as well or 1nstead. In some examples,
one or more robotic devices may use different modes of
transportation besides wheels on the ground. For instance,
one or more robotic devices may be airborne (e.g., quad-
copters), and may be used for tasks such as moving objects
or collecting sensor data of the environment.

In further examples, the robotic fleet 100 may also include
various fixed components that may be positioned within the
warchouse. In some examples, one or more fixed robotic
devices may be used to move or otherwise process boxes.
For instance, a pedestal robot 122 may include a robotic arm
clevated on a pedestal that 1s fixed to the ground floor within
the warehouse. The pedestal robot 122 may be controlled to
distribute boxes between other robots and/or to stack and
unstack pallets of boxes. For example, the pedestal robot
122 may pick up and move boxes from nearby pallets 140
and distribute the boxes to individual AGV’s 112 for trans-
portation to other locations within the warehouse.

In additional examples, robotic fleet 100 may employ
additional fixed components positioned within a warehouse
space. For mstance, high density storage racks 124 may be
used to store pallets and/or objects within the warehouse.
The storage racks 124 may be designed and positioned to
tacilitate interaction with one or more robotic devices within
the fleet, such as autonomous fork truck 114. In further
examples, certain ground space may be selected and used for
storage of pallets or boxes as well or 1nstead. For instance,
some pallets 130 may be positioned within the warehouse
environment at chosen locations for certain periods of time
to allow the pallets to be picked up, distributed, or otherwise
processed by one or more of the robotic devices.

FIG. 1B 1s a functional block diagram illustrating com-
ponents of a robotic warehouse tleet 100, according to an
example embodiment. The robotic tleet 100 could include
one or more of various mobile components, such as AGV’s
112, autonomous fork trucks 114, robotic truck loaders/
unloaders 116, and delivery trucks 118. The robotic fleet 100
may additionally include one or more fixed components
positioned within a warehouse or other environment, such as
pedestal robots 122, density storage containers 124, and
battery exchange/charging stations 126. In further examples,
different numbers and types of the components 1llustrated
within FIG. 1B may be included within a fleet, certain types
may be omitted, and additional functional and/or physical
components may be added to the examples illustrated by
FIGS. 1A and 1B as well. To coordinate actions of separate
components, a global control system 150, such as a remote,
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cloud-based server system, may communicate (e.g., through
wireless communication) with some or all of the system
components and/or with separate local control systems of
individual components.

Within examples, certain of the fixed components 120
may be installed before deployment of the rest of the robotic
fleet 100. In some examples, one or more mobile robots may
be brought in to map a space before determining placement
of certain fixed components 120, such as the pedestal robots
122 or battery exchange stations 126. Once map information
1s available, the system may determine (e.g., by running
simulations) how to layout the fixed components within the
space available. In certain cases, a layout may be chosen to
minimize the number of fixed components needed and/or the
amount ol space used by those components. The fixed
components 120 and mobile components 110 may be
deployed 1n separate stages or all at once. In additional
examples, certain of the mobile components 110 may only
be brought 1n during particular time periods or to complete
particular tasks.

In some examples, global control system 150 may include
a central planning system that assigns tasks to different
robotic devices within tleet 100. The central planning system
may employ various scheduling algorithms to determine
which devices will complete which tasks at which times. For
instance, an auction type system may be used i which
individual robots bid on different tasks, and the central
planning system may assign tasks to robots to minimize
overall costs. In additional examples, the central planning
system may optimize across one or more different resources,
such as time, space, or energy utilization. In further
examples, a planning or scheduling system may also incor-
porate particular aspects of the geometry and physics of box
picking, packing, or storing.

Planning control may also be distributed across individual
system components. For example, global control system 150
may 1ssue 1nstructions according to a global system plan,
and individual system components may also operate accord-
ing to separate local plans. Additionally, different levels of
detaill may be included within a global plan, with other
aspects left for individual robotic devices to plan locally. For
instance, mobile robotic devices may be assigned target
destinations by a global planner but the full routes to reach
those target destinations may be planned or modified locally.

In additional examples, a central planning system may be
used 1n conjunction with local vision on 1ndividual robotic
devices to coordinate functions of robots within robotic fleet
100. For mstance, a central planning system may be used to
get robots relatively close to where they need to go. How-
ever, 1t may be dithicult for the central planning system to
command robots with millimeter precision, unless the robots
are bolted to rails or other measured components are used to
precisely control robot positions. Local vision and planming
for individual robotic devices may therefore be used to allow
for elasticity between diflerent robotic devices. A general
planner may be used to get a robot close to a target location,
at which point local vision of the robot may take over. In
some examples, most robotic functions may be position-
controlled to get the robots relatively close to target loca-
tions, and then vision and handshakes may be used when
needed for local control.

In further examples, visual handshakes may enable two
robots to 1dentily one another by AR tag or other charac-
teristics, and to perform collaborative operations within fleet
100. In additional examples, items (e.g., packages to be
shipped) may be provided with visual tags as well or mnstead,
which may be used by robotic devices to perform operations
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on the 1tems using local vision control. In particular, the tags
may be used to facilitate manipulation of the items by the
robotic devices. For 1nstance, one or more tags on particular
locations on a pallet may be used to inform a fork lift where
or how to lift up the pallet.

In additional examples, deployment and/or planning strat-
egies for fixed and/or mobile components may be optimized
over time. For instance, a cloud-based server system may
incorporate data and information from individual robots
within the fleet and/or from external sources. Strategies may
then be refined over time to enable the fleet to use less space,
less time, less power, less electricity, or to optimize across
other variables. In some examples, optimizations may span
across multiple warehouses, possibly including other ware-
houses with robotic tleets and/or traditional warehouses. For
instance, global control system 150 may incorporate infor-
mation about delivery vehicles and transit times between
facilities into central planning.

In some examples, a central planning system may some-
times fail, such as when a robot gets stuck or when packages
get dropped 1n a location and lost. Local robot vision may
also therefore provide robustness by mserting redundancy to
handle cases where the central planner fails. For instance, as
an automatic pallet jack passes and identifies an object, the
pallet jack may send information up to a remote, cloud-
based server system. Such information may be used to fix
errors 1n central planning, help to localize robotic devices, or
to 1dentity lost objects.

In further examples, a central planning system may
dynamically update a map of the physical environment
containing robotic fleet 100 and objects undergoing process-
ing by the robotic devices. In some examples, the map may
be continuously updated with information about dynamic
objects (e.g., moving robots and packages moved by robots).
In additional examples, a dynamic map could contain infor-
mation on both the current configuration or placement of
components within a warehouse (or across multiple ware-
houses) as well as information about what 1s anticipated in
the near term. For instance, the map could show current
locations of moving robots and anticipated locations of the
robots 1n the future, which may be used to coordinate
activity between robots. The map could also show current
locations of items undergoing processing as well as antici-
pated future locations of the items (e.g., where an 1tem 1s
now and when the 1tem 1s anticipated to be shipped out).

In additional examples, some or all of the robots may scan
for labels on objects at different points within the process.
The scans may be used to look for visual tags that may be
applied to individual components or specific items to facili-
tate finding or keeping track of components and 1tems. This
scanning may vield a trail of items constantly moving
around as the i1tems are manipulated or transported by
robots. A potential benefit 1s added transparency, both on the
supplier side and the consumer side. On the supplier side,
information about current locations of inventory may be
used to avoid overstocking and/or to move items or pallets
of items to different locations or warehouses to anticipate
demand. On the consumer side, the information about cur-
rent locations of particular items may be used to determine
when a particular package will be delivered with improved
accuracy.

In some examples, some or all of the mobile components
110 within robotic fleet 100 may periodically receive
charged batteries from a battery exchange station 126
equipped with multiple battery chargers. In particular, the
station 126 may replace a mobile robot’s old batteries with
recharged batteries, which may prevent robots from having
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to sit and wait for batteries to charge. The battery exchange
station 126 may be equipped with a robotic manipulator
such as a robotic arm. The robotic manipulator may remove
batteries from an individual mobile robot and attach the
batteries to available battery chargers. The robotic manipu-
lator may then move charged batteries located at the station
126 into the mobile robot to replace the removed batteries.
For instance, an AGV 112 with a weak battery may be
controlled to move over to battery exchange station 126
where a robotic arm pulls a battery out from the AGV 112,
puts the battery in a charger, and gives the AGV 112 a fresh
battery.

In further examples, battery exchanges may be scheduled
by a central planning system. For instance, individual
mobile robots may be configured to monitor their battery
charge status. The robots may send information to the central
planning system indicating the status of their batteries. This
information may then be used by the central planning system
to schedule battery replacements for individual robots within
the fleet when needed or convenient.

In some examples, a fleet 100 may contain a number of
different types of mobile components 110 that use different
types ol batteries. A battery exchange station 126 may
therefore be equipped with different types of battery char-
gers for different types of batteries and/or mobile robots. The
battery exchange station 126 may also be equipped with a
robotic manipulator that can replace batteries for different
types of robots. In some examples, mobile robots may have
battery containers containing multiple battenies. For
instance, an autonomous fork truck 114 such as a pallet jack
may have a steel bucket with 3 or 4 batteries. The robotic
arm at the station 126 may be configured to lift out the entire
bucket of batteries and attach individual batteries to battery
chargers on a shelf at the station 126. The robotic arm may
then find charged batteries to replace the old batteries, and
move those batteries back into the bucket before reinserting
the bucket into the pallet jack.

In further examples, global control system 150 and/or a
separate control system of the battery exchange station 126
may also automate battery management strategies. For
instance, each battery may have a barcode or other i1denti-
tying mark so that the system can identify individual bat-
teries. A control system of the battery exchange station 126
may count how many times individual batteries have been
recharged (e.g., to determine when to change water or empty
batteries completely). The control system may also keep
track of which batteries have spent time 1n which robotic
devices, how long the batteries took to recharge at the station
126 1n the past, and other relevant properties for eflicient
battery management. This battery usage information may be
used by the control system to select batteries for the robotic
mampulator to give to particular mobile robots.

In additional examples, a battery exchange station 126
may also mvolve a human operator 1n some cases. For
instance, the station 126 could include a rig where people
can safely perform manual battery changing or deliver new
batteries to the station for deployment into the fleet 100
when necessary.

FIGS. 2A, 2B, 2C, and 2D 1illustrate several examples of
robotic devices that may be included within a robotic
warchouse fleet. Other robotic devices which vary 1n form
from those illustrated here as well as other types of robotic
devices may also be included.

FIG. 2A illustrates a robotic truck unloader, according to
an example embodiment. In some examples, a robotic truck
unloader may include one or more sensors, one or more
computers, and one or more robotic arms. The sensors may
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scan an environment containing one or more objects 1n order
to capture visual data and/or three-dimensional (3D) depth
information. Data from the scans may then be integrated into
a representation of larger areas 1n order to provide digital
environment reconstruction. In additional examples, the
reconstructed environment may then be used for identifying
objects to pick up, determining pick positions for objects,
and/or planning collision-free trajectories for the one or
more robotic arms and/or a mobile base.

The robotic truck unloader 200 may include a robotic arm
202 with a gripping component 204 for gripping objects
within the environment. The robotic arm 202 may use the
gripping component 204 to pick up and place boxes to load
or unload trucks or other containers. The truck unloader 200
may also include a moveable cart 212 with wheels 214 for
locomotion. The wheels 214 may be holonomic wheels that
allow the cart 212 to move with two degrees of freedom.
Additionally, a wraparound front conveyor belt 210 may be
included on the holonomic cart 212. In some examples, the
wrap around front conveyer belt may allow the truck loader
200 to unload or load boxes from or to a truck container or
pallet without having to rotate gripper 204.

In further examples, a sensing system of robotic truck
unloader 200 may use one or more sensors attached to a
robotic arm 202, such as sensor 206 and sensor 208, which
may be two-dimensional (2D) sensors and/or 3D depth
sensors that sense information about the environment as the
robotic arm 202 moves. The sensing system may determine
information about the environment that can be used by a
control system (e.g., a computer that 1s running motion
planning software) to pick and move boxes efliciently. The
control system could be located on the device or could be 1n
remote communication with the device. In further examples,
scans from one or more 2D or 3D sensors with fixed mounts
on a mobile base, such as a front navigation sensor 216 and
a rear navigation sensor 218, and one or more sensors
mounted on a robotic arm, such as sensor 206 and sensor
208, may be integrated to build up a digital model of the
environment, including the sides, floor, ceiling, and/or front
wall of a truck or other container. Using this information, the
control system may cause the mobile base to navigate nto
a position for unloading or loading.

In further examples, the robotic arm 202 may be equipped
with a gripper 204, such as a digital suction grid gripper. In
such embodiments, the gripper may include one or more
suction valves that can be turned on or off either by remote
sensing, or single point distance measurement and/or by
detecting whether suction 1s achieved. In additional
examples, the digital suction grnid gripper may include an
articulated extension. In some embodiments, the potential to
actuate suction grippers with rheological fluids or powders
may enable extra gripping on objects with high curvatures.

The truck unloader 200 may additionally include a motor,
which may be an electric motor powered by electrical power,
or may be powered by a number of different energy sources,
such as a gas-based fuel or solar power. Additionally, the
motor may be configured to receive power from a power
supply. The power supply may provide power to various
components of the robotic system and could represent, for
example, a rechargeable lithium-1on or lead-acid battery. In
an example embodiment, one or more banks of such batter-
ies could be configured to provide electrical power. Other
power supply materials and types are also possible.

FI1G. 2B illustrates a robotic arm on a pedestal, according,
to an example embodiment. More specifically, a pedestal
robot 220 may be positioned within an environment such as
a warehouse environment and used to pick up, move, and/or
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otherwise manipulate objects within reach. In some
examples, the pedestal robot 220 may be specialized for
heavy lifting without requiring batteries to operate. The
pedestal robot 220 may include a robotic arm 222 with an
end-eflector-mounted gripper 224, which may be of the
same type as the robotic manipulator 202 and gripper 204
described with respect to the robotic truck unloader 200. The
robotic arm 222 may be mounted on a pedestal 226, which
may allow the robotic arm 222 to easily pick up and move
nearby packages, such as to distribute packages between
different mobile robots. In some examples, the robotic arm
222 may also be operable to construct and/or deconstruct
pallets of boxes. In further examples, the pedestal 226 may
include an actuator to allow a control system to change the
height of the robotic arm 222.

In further examples, a bottom surface of the pedestal robot
220 may be a pallet-shaped structure. For instance, the
bottom surface may have dimension and shape roughly
equivalent to other pallets used for object transport or
storage within a warchouse. By shaping the bottom of the
pedestal robot 220 as a pallet, the pedestal robot 220 may be
picked up and moved to different locations within a ware-
house environment by a pallet jack or different type of
autonomous fork truck. For instance, when a delivery truck
arrives at a particular docking port of the warechouse, a
pedestal robot 220 may be picked up and moved to a
location closer to the delivery truck to more efliciently
process boxes coming from or going to the delivery truck.

In additional examples, the pedestal robot 220 may also
include one or more visual sensors to 1dentily boxes and/or
other robotic devices within the vicinity of the pedestal robot
220. For mstance, a control system of the pedestal robot 220
or a global control system may use sensor data from sensors
on the pedestal robot 220 to identily boxes for the robotic
arm 222 and gripper 224 of the pedestal robot 220 to pick up
or mampulate. In further examples, the sensor data may also
be used to identily mobile robotic devices in order to
determine where to distribute individual boxes. Other types
of robotic fixed manipulation stations may also be used
within a heterogeneous robotic fleet as well.

FIG. 2C shows an autonomous guided vehicle (AGV),
according to an example embodiment. More specifically,
AGYV 240 may be a relatively small, mobile robotic device
that 1s capable of transporting individual boxes or cases. The
AGYV 240 may include wheels 242 to allow for locomotion
within a warehouse environment. Additionally, a top surface
244 of the AGV 240 may be used to places boxes or other
objects for transport. In some examples, the top surface 244
may include rotating conveyors to move objects to or from
the AGV 240. In additional examples, the AGV 240 may be
powered by one or more batteries that can be quickly
recharged at a battery charging station and/or exchanged for
fresh batteries at a battery exchange station. In further
examples, the AGV 240 may additionally include other
components not specifically identified here, such as sensors
for navigation. AGVs with different shapes and sizes also
may be included within a robotic warehouse tleet, possibly
depending on the types of packages handled by a warehouse.

FIG. 2D shows an autonomous fork truck, according to an
example embodiment. More specifically, autonomous fork
truck 260 may include a forklift 262 for lifting and/or
moving pallets of boxes or other larger materials. In some
examples, the forklift 262 may be elevated to reach different
racks of a storage rack or other fixed storage structure within
a warchouse. The autonomous fork truck 260 may addition-
ally include wheels 264 for locomotion to transport pallets
within the warehouse. In additional examples, the autono-
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mous fork truck may include a motor and power supply as
well as a sensing system, such as those described with
respect to robotic truck unloader 200. The autonomous fork
truck 260 may also vary in size or shape from the one
illustrated 1n FIG. 2D.

FIG. 3 1s a flow chart of an example method, 1n accor-
dance with at least some implementations described herein.
The method shown 1n FIG. 3 presents an implementation of
a method that, for example, could be used with the systems
shown 1 FIGS. 1A, 1B, 2A, 2B, 2C, and 2D, for example,
or may be performed by a combination of any components
of those Figures. In addition, such an implementation of a
method could be carried out 1n accordance with the aspects
illustrated i FIGS. 4A, 4B, and 4C. The method may
include one or more operations, or actions as 1illustrated by
one or more of blocks 300-308. Although the blocks are
illustrated 1 a sequential order, these blocks may in some
instances be performed 1n parallel, and/or 1n a different order
than those described herein. Also, the various blocks may be
combined into fewer blocks, divided into additional blocks,
and/or removed based upon the desired implementation.

In addition, for the method and other processes and
methods disclosed herein, the tlowchart shows operation of
one possible implementation of present implementations. In
this regard, each block may represent a module, a segment,
or a portion of program code, which includes one or more
instructions executable by one or more processors for imple-
menting specific logical operations or steps in the process.
The program code may be stored on any type ol computer
readable medium, for example, such as a storage device
including a disk or hard drive. The computer readable
medium may include a non-transitory computer readable
medium, for example, such as computer-readable media that
stores data for short periods of time like register memory,
processor cache and Random Access Memory (RAM). The
computer readable medium may also include non-transitory
media, such as secondary or persistent long term storage,
like read only memory (ROM), optical or magnetic disks,
compact-disc read only memory (CD-ROM), for example.
The computer readable media may also be any other volatile
or non-volatile storage systems. The computer readable
medium may be considered a computer readable storage
medium, a tangible storage device, or other article of manu-
facture, for example.

In addition, for the method and other processes and
methods disclosed herein, each block 1n FIG. 3 may repre-
sent circuitry that 1s wired to perform the specific logical
operations in the process.

Operations of the method, and operations of other meth-
ods and processes disclosed herein, may be performed at
least 1 part by a computing device or computing system
configured to control a robotic device and/or other compo-
nents (e.g., sensors located remotely from the system) that
are associated with the robotic device. For instance, opera-
tions of the method may be performed by one or more global
control systems (e.g., one or more central planning systems,
cach configured to control and manage at least a portion of
a fleet of robotic devices). Additionally or alternatively,
operations of the method may be performed by a cloud
computing system 1n communication with a global control
system and/or with a fleet of robotic devices. Additionally or
alternatively, operations of the method may be managed by
a central server, which can distribute operations to smaller
peer-to-peer networks or servers that may manage portions
of the fleet of robotic devices. However, it should be
understood that example methods, such as the methods
shown 1n FIG. 3 and FIG. §, may be carried out by other
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entities or combinations of entities (1.e., by a server, or by
other computing devices and/or combinations of computing
devices), without departing from the scope of the invention.
Some operations ol the method may also be described to be
performed by a robotic device itself, although such language
may refer in actuality to such operations being performed by
a computing system configured to control the robotic device.

At block 300, the method involves determining a map of
a plurality of robotic devices within a physical environment,
where the map includes predicted future locations of at least
some of the plurality of robotic devices. As discussed above,
the plurality (e.g., a fleet) of robotic devices may include one
or more different types of robotic devices, such as a static
robotic device fixed at given location within the environ-
ment (e.g., a pedestal robot), or a dynamic robotic device
configured to travel to multiple locations within the envi-
ronment (e.g., an AGV). Such robotic devices may be
controlled to perform tasks 1n coordination with each other.

Herein, a “map” refers to information representative of a
positioning of elements 1n a particular area of an environ-
ment, and/or representative of a relationship of certain
clements to other elements or to the environment. Within
example embodiments, a map 1s a digital map, determined
by collecting and compiling data representative of relation-
ships between elements 1n the given environment, and then
formatting such data into a virtual form, such as a virtual 2D
or 3D 1mage. A map can be a real-time or non-real-time
representation of the elements and environment at issue,
detailing such elements, the environment, and/or points of
interest on such elements and/or 1n the environment.

The map determined by the control system may be an
initial map indicating predicted locations where at least
some of the robotic devices of the tleet are expected to be 1n
the future. Within examples, a given predicted future loca-
tion may include a single location in the environment at
which a robotic device 1s predicted to be 1n the future. Within
further examples, the given predicted future location may
include multiple locations 1n the environment at which a
robotic device 1s predicted to be in the future over time, such
as a predicted future path or trajectory along which a robotic
device may travel. For instance, a predicted future trajectory
may be a default route of a robotic device assigned by the
control system, a path deviating from a default route, and/or
a trajectory independent from a default route. Within still
further examples, given predicted future locations may
include predicted future configurations of one or more
appendages of at least some of the fleet of robotic devices,
such as configurations that specily a rotation distance or
angle ol a robotic arm of a pedestal robot or robotic truck
unloader, a position of a gripper coupled to the robotic arm,
or a height of a forklift, among other possibilities. In
practice, the “configuration” of a robotic arm or other
appendage of a robotic device can be specified by a set of
jomt variables, which can include one or more joint angles
or translation variables (e.g., for an arm/appendage with
rotational joints and/or prismatic joints) to thereby specily
an orientation of the arm/appendage). In line with the
discussion above, the term “locations” may be used herein
to collectively refer to locations, trajectories, and/or orien-
tations of a robotic arm or other appendage.

Within additional examples, 1n determining a predicted
future location (or locations, e.g., a trajectory comprising
multiple locations over time) of a given robotic device or
object included/shown in the map, the control system may
determine a particular point 1in time in the future or multiple
particular points 1n time in the future at which to expect the
given robotic device or object to be at the predicted future
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location(s). Thus, the map may indicate the determined
predicted locations as well as the corresponding determined
particular time(s).

In practice, the control system may manage high-level
planning of tasks to be performed by the fleet, including
movement and other actions of the fleet. Such high-level
planning may be used 1n various ways to determine the
initial predicted future locations to be imncluded 1n the mitial
map. The control system may have knowledge of high-level
planned tasks for robotic devices of the tleet to perform, and
thus may have knowledge of various locations and routes
throughout the environment where robotic devices may be
when performing the planned tasks. By way of example, the
control system may have knowledge of a planned future
time at which objects are to be delivered to a particular
location 1n a warehouse, or a planned future time at which
a shipment of objects 1s expected to arrive at or depart from
the warchouse. As another example, the control system may
assign default trajectories to robotic devices (or otherwise
have knowledge of such default trajectories) through which
those robotic devices may typically travel to facilitate a
performance of a particular high-level planned task (e.g., a
robotic device assigned a route to bring packages from a
high-density storage rack to a truck for shipment). Other
examples of predicting future locations of robotic devices
are possible as well.

In addition to predicted future locations of robotic
devices, the map may include predicted future locations of
objects 1in the environment. Within examples, the control
system may determine a predicted future location of an
object based on predicted future locations of one or more
robotic devices. For instance, a robotic device may be
istructed to transport an object from one location to
another, and thus the location/trajectory of that robotic
device may indicate where the object 1s located or will be
located while the object 1s being transported or after the
object 1s being transported. The map may include other
information as well, such as indications (e.g., images, mark-
ers on a map, etc.) of unidentified objects within the envi-
ronment, of obstacles blocking a path of one or more robotic
devices, of an inventory of objects or robotic devices within
the environment, and of 1dentified persons within the envi-
ronment, among other possibilities.

Within examples, the map may take the form of a 2D
and/or 3D representation ol the environment, and/or may
take the form of another type of data interpretable by the
fleet of robotic devices as a map of the environment. Further,
the map may include a visual indication of the predicted
tuture locations or other data interpretable by the fleet as the
predicted future locations.

At block 302, the method involves causing one or more
robotic devices of the plurality to perform a task comprising,
one or more task phases. Herein, a ““task” refers to an
operation that 1s assigned to at least one entity for that entity
or entities to perform. Within example embodiments, such a
task 1s assigned to the at least one entity by a system that
monitors, governs, or otherwise manages the at least one
entity in order to facilitate a performance of the task by the
at least one entity.

Within examples, performance of the task may be com-
pleted by at least two different types of robotic devices
working in coordination to manipulate at least one object. A
task (and associated task phases) mvolving a manipulation
ol an object or objects may take various forms. For example,
a task may involve delivering objects directly from a starting
location to a target location, or possibly transporting objects
from a starting location to one or more mtermediate loca-
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tions before being finally delivered to the target location,
handing off the objects from one robotic device to another at
cach mtermediate location. As another example, a task may
involve a simultaneous manipulation of an object or objects
by two or more robotic device. As vet another example, a
task may involve manipulating objects with tools or other
accessories (e.g., one robotic device repairing or another
robotic device. As yet another example, a task may mvolve
opening boxes, a truck, or other means of storage and
distributing objects within to various locations 1n the envi-
ronment. In yet still further examples, tasks may involve any
of the applications noted above, such as order fulfillment,
cross-docking, etc.

Tasks which do not involve manipulation of objects are
possible as well. For instance, tasks may involve coordi-
nated navigation and movement of at least two robotic
devices within the environment, such as sending robotic
devices to a particular area 1n the environment to prepare for
a Tuture task to be performed. For example, the task may
involve distributing robotic devices of the fleet throughout
the environment (e.g., a group of robotic devices sent to a
loading dock for loading/unloading trucks, a group of
robotic devices sent to storage racks to load/unload heavy
pallets from the racks, etc.). As another example, the task
may 1nvolve sending groups ol robotic devices out to
provide assistance with an upcoming or ongoing task 1f such
assistance 1s requested/needed. Other examples are also
possible.

It should be understood that any of the tasks described
herein can also be referred to as a task phase of a longer,
larger-scale task as well.

Generally, causing robotic devices of the fleet to perform
tasks (and task phases thereol) may be carried out in
accordance with the central planning system configuration
described above, where tasks (and task phases thereol) may
be managed by the central planning system, which may
work 1n conjunction with local robot systems to monitor a
status of the performance of the tasks.

Despite the control system having knowledge of tasks that
it has caused robotic devices of the fleet to perform, the
control system may not have knowledge of tasks to be
performed at lower levels (e.g., task phases). By way of
example, the control system may know that at least two
robotic devices are to coordinate to deliver an object from
one end of a warehouse to another end of the warehouse, but
may not have knowledge of where the respective robotic
devices are located at all times throughout the performance
of the delivery. In these types of scenarios, a robotic device
may publish its location throughout a performance of a
given task and/or publish other information relating to the
performance of the given task and the progress thereof (e.g.,
notily the control system and/or other robotic devices). The
robotic device may publish 1ts location or other information
at various points 1 time, such as periodically (e.g., at
predefined, regular or equal intervals, or at irregular inter-
vals), continuously, randomly, upon a task or task phase
being completed, or in other manners.

As such, at block 304, the method involves, during a
performance of at least one of the one or more task phases
by the one or more robotic devices, receiving, from the one
or more robotic devices, task progress data indicative of
which of the one or more task phases have been performed
by the one or more robotic devices. Generally, the task
progress data may include data interpretable by the control
system as an indication of a current state of at least a portion
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ol the fleet of robotic devices 1n the environment, including
one or more robotic devices mvolved 1n a performance of a
particular task or task phase.

Within examples, the task progress data may include a
time at which a particular task or task phase was completed,
and the robotic device that completed the particular task or
task phase may transmit the task progress data to the control
system at the completion time or within a predetermined
time window after the completion time. The task progress
data may also indicate where the robotic device 1s/was when
the particular task or task phase 1s/was completed, and may
also indicate where other robotic devices and objects (e.g.,
other robotic devices and objects that were mvolved 1n a
performance of the particular task or task phase) are located
in the environment and/or indicate a predicted future loca-
tion representative of where the other robotic devices and
objects are travelling towards 1n the environment. Further,
the task progress data may indicate a current configuration
of a given robotic device, such as a configuration (i.e., a set
ol joint variables) of the given robotic device, a configura-
tion of one or more robotic appendages of the given robotic
device, and a heading of the given robotic device. Still
turther, the task progress data may indicate a current status
of one or more robotic devices, such as a battery power level
of a given robotic device or other diagnostic information,
and/or information indicating a robotic appendage of the
given robotic device that i1s not functioning correctly. It
should be understood that information which may be 1ndi-
cated by the task progress data, including the information
described above, may alternatively be transmitted to the
control system at another time separate from the transmis-
sion of the task progress data.

Over time, as the control system receives the task progress
data from various robotic devices, the control system may
use the task progress data to adjust the initial predictions of
when and where 1n the future robotic devices will complete
a performance of a given task or complete a portion of the
given task. For instance, the control system can use the task
progress data to determine when and where 1n the environ-
ment robotic devices have deviated or will deviate from their
respective default routes, and to determine/monitor where
the robotic devices are and/or will be located with respect to
their respective default routes. The control system may thus
update the mitial map to reflect these adjusted 1nitial pre-
dictions.

At block 306, the method involves, based on the received
task progress data, updating the map of the plurality of
robotic devices within the physical environment, where the
updated map includes at least one modification to the
predicted future locations of at least some of the plurality o
robotic devices. The updates to the map may include updates
to the entire map and/or updates to portions of the map. For
instance, only a portion of a map may be updated in
scenarios such as when predicted future location(s) of
robotic devices may be within an area of the environment
corresponding to that portion of the map, and/or when an
obstacle or unidentified object 1s present 1n the area, among
other possible scenario, including scenarios where updating
a larger portion of the map may be unnecessary with respect
to time management and/or power management.

Within examples, the mnitial map may i1nclude data rep-
resentative of predicted future times at which at least some
of the plurality of robotic devices will be located at the
respective predicted future locations, where each predicted
future time corresponds to a respective predicted future
location. Additionally or alternatively, the initial map may
include data representative of such a correspondence
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between the predicted future locations and their respective
predicted future times. As such, the computing system may
update the mitial map by determining the at least one
modification to the predicted future locations of at least
some ol the plurality of robotic devices based on the
received task progress data, and by determining the at least
one modification to the predicted future times, determining
at least one modification to the predicted future times and/or
refining the correspondence between the predicted future
locations and their respective predicted future times. The
computing system may then include data representative of
the determined at least one modification to the predicted
future locations in the updated map. The computing system
may also include data representative of the at least one
modification to the predicted future times and/or may
include data representative of the refined correspondence
between the predicted future locations and predicted future
times.

Within further examples, the map may include a visual
representation of at least a portion of the physical environ-
ment, a visual representation of at least some of the plurality
of robotic devices, and visual indications of the predicted
future locations of at least some of the plurality of robotic
devices, among other information to be published to the
robotic devices (e.g., completion times of the tasks and/or
task phases). As such, the map may be updated by updating
the predicted future locations of at least some of the plurality
of robotic devices and/or updating anticipated completion
times corresponding to the modified predicted future loca-
tions at 1ssue and corresponding to the task and/or task phase
at 1ssue. The updating of the map may also involve adjusting
the visual indications of the predicted future locations to
include visual indications of the updated predicted future
locations, and updating at least a portion of the map to
include the adjusted visual indications. Further, data repre-
sentative of the updated anticipated completion times of the
task and/or task phase at 1ssue can be included as part of the
updated map.

In further examples, a robotic device may publish 1ts
location (among other possible information) at least once
throughout a performance of a task or task phase (e.g.,
periodically, continuously, etc.), which the control system
can then use to determine the map, predict future locations
of robotic devices and objects in the environment, and
determine updates to the map including updates to the
predicted future locations. For instance, when a robotic
device 1s delayed in completing a task phase for reasons such
as an unexpected obstacle to avoid or another robotic device
failing to coordinate action with the robotic device on time,
the robotic device may provide 1ts location to the control
system and/or the task progress data indicating that the task
phase 1s still 1n progress, which the control system may use
to adjust a predicted future location (e.g., to show an
alternate route that will be taken by the robotic device)
and/or a predicted completion time of the task phase (and
possibly the entire task itself), among other possible adjust-
ments/determinations. Other examples are possible as well.

In additional examples, when the predicted future loca-
tions 1include predicted future trajectories of at least some of
the fleet of robotic devices, the control system may accord-
ingly use the task progress data to modily the predicted
future trajectories and include the modified predicted future
trajectories in the updated map. Further, when the predicted
future locations 1nclude predicted future configurations of
one or more appendages ol at least some of the fleet of
robotic devices, such as a rotation distance or angle of a
robotic arm of a pedestal robot that 1s mvolved 1n a perfor-
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mance of at least one of the task phases (e.g., picking up an
object and loading the object 1n a truck), the control system
may accordingly use the task progress data (e.g., the data
indicating that the pedestal robot has picked up the object),
the control system may modily the predicted future con-
figurations of the one or more appendages and include the
modified predicted future configurations 1n the updated map.

At block 308, the method involves, causing the one or
more robotic devices to perform at least one other task phase
in accordance with the updated map. For example, the
control system or other computing enftity configured to
manage the tleet may use the map to determine nstructions
for the one or more robotic devices to perform the at least
one other task phase. The control system may then transmit
to the one or more robotic devices at least a portion of the
updated map along with mstructions for the one or more
robotic devices to perform the at least one other task phase
in accordance with at least the portion of the updated map.
As another example, the control system may publish at least
a portion of the updated map to the one or more robotic
devices, which the one or more robotic devices may use to
locally adjust or otherwise manage their movements and/or
other actions accordingly to perform the at least one other
task phase. The updated map may indicate to the one or more
robotic devices where and when to anticipate locations
and/or movement of other robotic devices, thereby facilitat-
ing performance of at least one other task phase 1n coordi-
nation with such other robotic devices.

FIG. 4A 1llustrates an example fleet of robotic devices
operating 1n a warchouse 400 and implementing operations
of the disclosed methods, where the example fleet 1s similar
to the fleet 1llustrated 1in FIGS. 1A, 1B, 2A, 2B, 2C, and 2D.
In the example shown 1n FIG. 4A, robotic devices of the fleet
may be mvolved 1n a coordinated performance of at least one
task phase, such as an autonomous fork truck 402 bringing,
a pallet of boxes 404 to a target location 406 for a pedestal
robot 408 to load a particular box onto an AGV 410.
Additional tasks/phases may be performed as well, such as
the AGYV 410 subsequently bringing the particular box to a
robotic truck loader 412 for the robotic truck loader to load
onto a truck 414. The fleet may also include a second AGV
416 that may not be involved 1n a coordinated performance
of the specific tasks described above, and thus may not be
included 1n the subset of robotic devices of the tleet. Prior to
the coordinated performance of the tasks, the second AGV
416 may have had a box removed from it by the robotic truck
unloader 412 and loaded into the truck 414, for instance. In
line with the discussion above, performance of the tasks may
be controlled and managed by a central planning system or
subsystem associated with the robotic devices involved 1n a
performance of the tasks.

FIGS. 4B and 4C illustrate example maps associated with
the robotic tleet operations described with respect to FIG.
4A. In particular, FIGS. 4B and 4C may illustrate a portion
of a larger map of the warechouse 400, that may be published
to any or all robotic devices of the fleet that have routes
within the portion of the warehouse, that may operate near
the portion of the warehouse, or that may otherwise operate
in a manner 1n which it may be advantageous to publish a
map ol the portion to such robotic devices. It should be
understood that while only two maps are show, other inter-
mediate updated maps may be published during the perfor-
mance ol a task 1n some scenarios and may be referred to
herein.

As shown, the maps of FIGS. 4B and 4C include repre-
sentations of various robotic devices illustrated in FIG. 4A
and representations of objects 1n the warehouse 400, such as
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pallets and storage racks. The map of FIG. 4B includes
representations of predicted future trajectories 418, 420, and
422, of the autonomous fork truck 402, AGV 410 and
pedestal robot 408, respectively. Further, the map includes a
representation of a predicted future location 424 of pallet
404. In particular, the map of FIG. 4B (as well as the map
of FIG. 4C, or other maps described but not shown herein)
may show predicted future locations and trajectories at a
particular point in time in the future, or multiple particular
points 1n time 1n the future. Thus, the maps may indicate to
the robotic devices where and when to perform respective
task phases (e.g., the pedestal robot 408 will know when
pallet 404 will be located near the pedestal robot so the
pedestal robot can prepare to or begin to unload boxes from
the pallet).

As part of the task, the autonomous fork truck 402 may be
predicted to travel along trajectory 418 to deliver pallet 404
to predicted future location 424. Further, the AGV 410 may
be predicted to travel from 1ts current location along trajec-
tory 420 to be loaded by the pedestal robot 408 with a box
from pallet 404 after pallet 404 1s delivered to predicted
tuture location 424. Accordingly, the pedestal robot 408 may
be predicted to rotate along trajectory 422 to place its robotic
arm 1n a position to unload a box from pallet 404 and load
the box onto the AGV 410.

One or more of the predicted trajectory movements may
occur simultaneously or may otherwise be coordinated with
cach other in order to perform a task or task phase (e.g.,
coordinated, but non-simultaneous). For instance, based on
the map including at least predicted future trajectory 418 and
being published to the pedestal robot 408, the pedestal robot
may know to rotate along predicted future trajectory 422 to
be 1n a position to unload the box once pallet 404 arrives at
predicted future location 424.

During a performance of a larger task of having a box
from pallet 404 brought to and loaded on a truck (not
illustrated/represented in FIGS. 4B and 4C), or during
performance of a task phase of the larger task, the autono-
mous fork truck 402 may transmit task progress data to the
planning system, where the task progress data may include,
for 1nstance, an indication that the autonomous fork truck
has picked up the pallet 404. The task progress data may be
transmitted 1n response to the autonomous fork truck 402
detecting and scanning a radio frequency identification
(RFID) tag contained on the pallet 404 and/or one or more
boxes known to be located as part of pallet 404 and may
include an indicator that the RFID tag was scanned and
where the scanning occurred. Thus, the task progress data
may notily the planning system of a current location of pallet
404 and responsively enable the planning system to update
the map with predicted future trajectory 418, predicted
tuture location 424, and possibly update completion times of
the larger task or the task phase of the autonomous fork truck
402 bringing pallet 404 to predicted future location 424.
Further, in response to receiving this task progress data, the
planning system may predict that the box, being of a
particular product type, will be loaded onto the truck in the
near term and thus may increase a predicted future inventory
of the particular product on the truck by one and may
decrease a predicted future mventory of the particular prod-
uct 1n the warehouse storage by one.

The updated map of FIG. 4C includes representations of
predicted future trajectories 426, 428, and 430, of the
pedestal robot 408, the AGV 410, and the second AGV 416,
respectively. Further, the map includes a representation of a
predicted future location 432 of a box removed from pallet
404. As part of the task, the pedestal robot 408 may be
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predicted to rotate along trajectory 426 to load the box from
pallet 404 1into AGV 410. Further, the AGV 410 may be
predicted to travel along trajectory 428 to bring the box to
the robotic truck loader 412 for the robotic truck loader to
load the box 1nto the truck. Still further, the second AGV 416
may be predicted to travel along trajectory 430 1n order to
move out of the way of AGV 410 and possibly later move
to a location proximate to the pedestal robot 408 to be loaded
with a box from a pallet. Accordingly, at some point 1n time
during the performance of the task, the planning system may
update the map to modily a previously-determined predicted
future trajectory of the second AGV 416, thereby resulting
in predicted future trajectory 430.

The second AGV 416 may not be mvolved 1n the task of
having a box from pallet 404 brought to and loaded on a
truck, but may be involved 1n other tasks that are performed
in an area of the warehouse 400 that comncides with the area
in which other tasks are performed, and thus a planning
system configured to control and manage the second AGV
may publish a map for the second AGV. In particular, the
map shown in FIG. 4C may be published to the second AGV
416, or a variation thereot, such as a map including at least
predicted future trajectory 428. The second AGV 416 may
thus be enabled to move out of the way of AGV 410 so that
AGYV 410 can be unloaded by the robotic truck loader 412.
Further, the map may be published to the robotic truck
loader 412 and the AGV 410 so that each robotic device 1s
aware of each other’s upcoming future location, thereby
facilitating a coordinated task phase of the robotic truck
loader 412 unloading the box from the AGV and loading the
box onto the truck. Within examples, 11 the AGV 410 or any
other robotic device involved in the task 1s delayed (e.g.,
encounters an obstacle), the completion time of the task may
be adjusted accordingly based on updates to the map reflect-
ing the delay and reflecting any predicted future locations
that are modified accordingly.

Other example tasks and corresponding map updates and
scenarios are possible as well, 1n addition to or alternative to
those described with respect to FIGS. 4A, 4B, and 4C.

Within examples, the received task progress data may

include a message indicating a completion of a performance
of a given task phase. Accordingly, the control system may
cause at least one of the one or more robotic devices to
perform another task phase consecutive to the given task
phase responsive to the message indicating the completion
of the performance of the given task phase. Within other
examples, an entire new task may be performed based on the
received task progress data including a message indicating a
completion of a performance of a task or the control system
otherwise determining that a performance of the task has
been completed. In response to such a determination, the
control system may update the map to indicate, or otherwise
notify robotic devices of, a completion of the performance
of the task. The control system may then select a subsequent
task to be performed from a plurality of tasks, and cause one
or more robotic devices of the fleet to perform the subse-
quent task. The control system may select the subsequent
task 1n accordance with the updated map. For instance, the
updated map may indicate that a group of robotic devices
may be predicted to be located within or proximate to an
area of interest of the environment in which the group could
perform a given task, such as picking up objects that had
accidentally been dropped by other robotic devices and that
were obstacles aflecting the routes of other robotic devices
in the area of interest. Thus, the control system may cause
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the group to perform the given task based on such an
indication 1n the updated map. Other examples are possible
as well.

Within examples, the control system may determine an
anticipated completion time of a performance of the task
based on the determined map. Then, after updating the map
and/or responsive to recerving task progress data, the control
system may update the anticipated completion time of the
performance of the task. Likewise, the control system may
determine an anticipated completion time of a performance
of at least one task phase. Then, after updating the map
and/or responsive to recerving task progress data, the control
system may update the anticipated completion times of the
performance of at least one task phase.

Within examples, the control system, a cloud-based com-
puting system, or other entity configured to manage at least
a portion of the fleet of robotic devices may maintain a
queue ol updates to the map. Each update to the map
maintained 1n the queue may include data specitying, for
instance, a time at which to publish the update to a given
robotic device of the fleet and/or a prioritization indicative
of which robotic devices of the fleet should receive the
update before other robotic devices of the fleet. The control
system can then publish the updates maintained 1n the queue
in accordance with the specified times and/or priority levels.

In some scenarios, the specified time at which an update
1s to be published to a given robotic device may depend on
various factors, such as a time at which the given robotic
device queried the control system for an update to its current
map, which the given robotic device may have transmitted
to the control system for various reasons (e.g., an error with
a current map, an obstacle encountered, an unidentified
object, etc.). As such, causing the one or more robotic
devices to perform the at least one other task phase may be
performed 1n response to the control system receiving the
query, and may involve the control system transmitting at
least a portion of the updated map to the one or more robotic
devices along with instructions for the one or more robotic
devices to perform the at least one other task phase 1n
accordance with at least the portion of the updated map (e.g.,
istructions to travel to and pick up an object that has
recently been dropped by another robotic device), for
instance.

In these and other scenarios, the control system may
determine a prioritization of the fleet of robotic devices,
which defines relative priority levels among the fleet of
robotic devices, each robotic device having a corresponding
priority level. The control system may thus transmit updates
to at least a portion of the map 1n accordance with the
determined prioritization, transmitting updates to robotic
devices that have higher prionty levels before transmitting
updates to robotic devices that have lower prionity levels, for
instance. The control system may take into account various
factors when determining the prioritization, one or more of
which may be used 1n combination. Within examples, when
a performance of the at least one other task 1s to occur within
an area ol interest of the environment (e.g., a loading dock,
a storage area, a weighing station, a portion of an assembly
line, etc.), the prioritization may be determined by the
control system first determining whether each of at least a
portion of the fleet of robotic devices 1s mvolved in the
performance of the task (1.e., whether each 1s known to be
involved or predicted to be involved). At a minimum, 1n such
examples, the control system may prioritize robotic devices
that are involved 1n the performance of the task to be higher
than robotic devices that are not mnvolved 1n the performance
of the task.
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Within further examples, the prioritization may be deter-
mined by determining respective distances Irom each
robotic device to the area of interest, respective anticipated
times each robotic device will take to reach the area of
interest, and/or whether respective anticipated trajectories of
cach robotic device include a least a portion of the area of
interest (e.g., whether a robotic device will travel through
the area of interest and/or will come into contact with robotic
devices or objects that occupy the area of interest). The
control system may determine such anticipated trajectories
and times, for 1nstance, based on the predicted future loca-
tions included 1n the map and 1ts updates. In accordance with
such examples, the control system may prioritize robotic
devices to be higher when those robotic devices have a more
immediate need to be informed of the updates to the map,
especially updates to the map corresponding to the area of
interest, as opposed to prioritizing robotic devices to be
lower when those robotic devices have a less immediate
need or an entire lack of a need to be mformed of the
updates. In particular, the prionty levels assigned to the
robotic devices may be correlated to distance, time, and/or
other varniables.

Within further examples, the control system may take 1nto
account a version number of a map of a given robotic device
or other indicator of a state of the map of the given robotic
device when determining a priority level for the given
robotic device. For instance, while control system may
globally update the respective maps of all robotic devices
substantially at the same time, the control system may first
update robotic devices with older versions of their respective
maps. Other factors for determining prioritization are pos-
sible as well.

In practice, a given robotic device may transmit a message
to the control system or other entity to indicate to the control
system the given robotic device’s distance from the area of
interest, 1ts map version number, and/or other factors dis-
cussed above. However, a given robotic device may indicate
such information to the control system in other manners as
well, and/or the control system may determine such infor-
mation about each robotic device 1n other manners.

It should be understood that in some scenarios, certain
updates may be made to portions of the map that apply only
to a first group of robotic devices, and that other, different
updates may be made to other portions of the map that apply
to a second group of robotic devices which may or may not
include members of the first group of robotic devices. In
such scenarios, some robotic devices may have different
versions ol maps than others, each version including updates
relevant to particular robotic devices.

Within examples, an area of interest may be defined by an
obstacle or other blockage in the environment and a region
within a predetermined distance from the obstacle or block-
age. A robotic device may 1dentily the obstacle and publish
(either directly itself or imndirectly via the control system by
first notiiying the control system of the obstacle) an 1ndica-
tion of the obstacle (e.g., an update to the map, a notification,
or other data mterpretable by the robotic devices and/or the
control system as an obstacle) so that the control system and
other robotic devices can plan accordingly without having to
travel near or 1n the area of interest and 1dentify the obstacle
themselves. In such examples, robotic devices whose current
and/or predicted future trajectories bring them within a
predetermined threshold distance from the obstacle may be
prioritized higher to receive the published update to the map,
since 1t may be desirable for such robotic devices to adjust
their movement accordingly to avoid or remove the obstacle.
Further, in such examples, the published map update may

5

10

15

20

25

30

35

40

45

50

55

60

65

24

include the obstacle and/or predicted future locations of
robotic devices that may be modified based on the presence
of the obstacle.

In line with the discussion above, a task may be 1nitiated
in response to a completion of another task. However, a task
can also be mitiated 1n response to a robotic device making
a local determination using local vision. For instance, a
robotic device may detect that nearby autonomous fork
trucks may not be carrying pallets and may notity the control
system, which may then initiate a task for such autonomous
fork trucks to pick up pallets. The robotic device which
makes the detection may be a pedestal robot, for instance, or
may be an autonomous fork truck itself.

Additionally or alternatively to tasks involving robotic
devices moving objects 1n the environment, some tasks may
involve repairing or otherwise improving performance of the
robotic devices. As an example, while travelling in the
environment (and possibly performing another task), a given
robotic device may run low on battery power or may have
a broken component and may notify the control system of 1ts
current location, its battery power level, which component 1s
broken, and/or other relevant information. The control sys-
tem may responsively publish an update to the map to the
given robotic device. Further, the control system may
responsively publish the update to a repair robotic device
(e.g., a “medic-bot™) that may be configured to perform tasks
such as repairing broken components of the given robotic
device and/or bringing a new battery to the given robotic
device and replacing the old battery. Still further, the control
system may responsively publish the update to one or more
robotic devices whose trajectories or other actions may be
allected by the given robotic device and/or by the repair
robotic device (e.g., robotic devices may have to avoid the
grven robotic device 11 1t 1s stopped 1n a crowded area and/or
may have to avoid the repair robotic device so as not to delay
the repair robotic device from arriving at or returming from
the given robotic device’s location). Other tasks may be
performed as well, such as a repair robotic device or other
robotic device picking up a broken robotic device or other
static object and removing it from the environment.

In additional examples, the environment may include a
plurality of objects. As such, the control system can deter-
mine, maintain, and update a map including current loca-
tions of objects and predicted future locations of objects. An
example method relating to such functionality 1s described
in FIG. 5.

FIG. 5 1s a flow chart of another example method, 1n
accordance with at least some implementations described
herein. Namely, the method shown in FIG. 5 includes
operations for dynamically maintaining a map of a plurality
of objects 1n an environment in which a fleet of robotic
devices operate, as described above. The method shown 1n
FIG. 5 presents an implementation of a method that, for
example, could be used with the systems shown i1n FIGS.
1A, 1B, 2A, 2B, 2C, and 2D, for example, or may be
performed by a combination of any components of those
Figures. In addition, such an implementation of a method
could be carried out 1n accordance with the aspects 1llus-
trated 1n FIGS. 4A, 4B, and 4C, as described above. The
method may 1nclude one or more operations, or actions as
illustrated by one or more of blocks 500-506. Although the
blocks are illustrated in a sequential order, these blocks may
in some 1nstances be performed in parallel, and/or 1 a
different order than those described herein. Also, the various
blocks may be combined into fewer blocks, divided into
additional blocks, and/or removed based upon the desired
implementation.
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At block 500, the method 1nvolves determining a map of
the plurality of objects undergoing manipulation by the
plurality of robotic devices within the physical environment,
where the map includes predicted future locations of at least
some of the plurality of objects.

At block 502, the method involves causing one or more
robotic devices of the plurality to perform a task comprising,
one or more task phases. Such a task may involve a
manipulation of at least one object of the plurality of objects,
for 1nstance.

At block 504, the method involves, during a performance
ol at least one of the one or more task phases by the one or
more robotic devices, recerving, from the one or more
robotic devices, task progress data indicative of which of the
one or more task phases have been performed by the one or
more robotic devices.

At block 506, the method involves, based on the received
task progress data, updating the map of the plurality of
objects undergoing manipulation by the plurality of robotic
devices within the physical environment, wherein the
updated map includes at least one modification to the
predicted future locations of at least some of the plurality o
objects.

Within examples, the method may further involve causing
the one or more robotic devices to perform at least one other
task phase 1n accordance with the updated map. For
instance, the updated map may include a predicted future
location of a particular object that 1s proximate to a location
of a pedestal robot, based on an autonomous fork truck
reporting its location while en route to deliver a pallet of
objects including the particular object at the location proxi-
mate to the pedestal robot. The control system may publish
the updated map to at least one AGV, which the AGV may
use as a basis for determining that 1t should travel to a
location near the pedestal robot so that the pedestal robot can
pick up the particular object off the pallet and load 1t onto the
AGYV for the AGV to transport elsewhere. Other examples
are possible as well.

Within examples, the environment may include multiple
different warehouses, where and the plurality of objects may
include products to be shipped or otherwise transported out
of the warehouses. Based on the determined map and the
predicted future locations of the plurality of objects, the
control system may determine a current and/or predicted
tuture inventory of a particular type of product at a particular
warchouse of the multiple warchouses. The control system
may determine that a product of the particular type 1s present
in the environment and where in the environment the
product 1s located, for instance, based on that product having,
its visual tag detected and scanned by a robotic device.
Based on an updated map that modifies predicted future
locations of the products, the control system may adjust the
predicted future mventory of the particular type of product
at the particular warehouse to retlect changes to a number of
objects of the particular type of product. For instance, based
on a performance of a task where twenty products of the
particular type are being loaded onto a truck that will leave
the particular warehouse, the control system may reduce the
total number of the predicted inventory by twenty.

It should be understood that the control system may
determine predicted future inventories ol objects within
regions ol the warchouses themselves. For instance, the
control system, or perhaps another control system arranged
to monitor objects and robotic devices in a smaller, particu-
lar region of the particular warehouse, may determine pre-
dicted future inventories of objects stored within the par-
ticular region.
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Within examples, the control system may adjust a prede-
termined trajectory of at least one robotic device based on a
predicted future inventory, such as rerouting a group of
robotic devices to work in coordination to pick up and
deliver objects to avoid shortages. For instance, if the
control system determines that the predicted future mmven-
tory of the particular type of product at the particular
warchouse 1s less than a required amount, the control system
may publish an update of locations of products of the
particular type at other warehouses of the multiple ware-
houses. In particular, the control system may publish the
update to robotic devices at the other warehouses, and may
instruct such robotic devices to bring such products to the
particular warechouse in order to increase the inventory to
reach the required amount. As another example, 1 the
control system determines that the predicted future inven-
tory of a particular pallet of the particular type of product
will be low or empty 1n the near future, the control system
may reroute a robotic device to either remove the pallet
when 1t 1s low/empty, or to bring more objects of the
particular type to be placed onto the particular pallet.

Within examples, the task may involve a delivery of the
at least one object of the plurality to a target location. Thus,
based on the determined map, the control system may
determine an anticipated completion time of a performance
of the delivery to the target location by the one or more
robotic devices, and may update the anticipated completion
time of the performance of the delivery to the target location
in accordance with the updated map, based on updates to the
predicted future locations of the objects and/or predicted
future locations of the one or more robotic devices that are
working 1n coordination to deliver the at least object to the
target location.

In line with the discussion above with respect to visual
tags, during the performance of the at least one of the one or
more task phases by the one or more robotic devices, the
control system may receive, from the one or more robotic
devices, data indicating a detection of visual tags, such as
RFID tags, contained on objects by the local vision of the
one or more robotic devices. As such, the control system can
update the map of the objects based on the detected visual
tags, 1n addition to updating the map based on the task
progress data. Detection of the visual tags may help localize
objects, such as during a search for and recovery of a lost
item and/or determiming that an object 1s located where 1t
shouldn’t be.

Furthermore, detection of the visual tags can be used to
determine a map of robotic devices that transport such
objects. For instance, as a first robotic device hands over an
object to a second robotic device, the second robotic device
may scan an RFID tag on the object and notily the control
system that the RFID tag has been scanned and possibly a
location where the scanning of the RFID occurred. This
notification may indicate to the control system that the
second robotic device has successtully received the object
and thus the control system can determine a predicted future
location of where the second robotic device may be 1n the
near term Further, this nofification may indicate to the
control system that the first robotic device has successiully
handed the object over to the second robotic device, and the
control system may know that the first robotic device is
located where the scan of the RFID tag occurred. The RFID
tags or other visual tags may serve other purposes as well,
and may facilitate a prediction of future actions of the fleet.

It should be understood that arrangements described
herein are for purposes ol example only. As such, those
skilled 1n the art will appreciate that other arrangements and
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other elements (e.g. machines, interfaces, operations, orders,
and groupings of operations, etc.) can be used instead, and
some elements may be omitted altogether according to the
desired results. Further, many of the elements that are
described are operational entities that may be implemented
as discrete or distributed components or 1n conjunction with
other components, 1n any suitable combination and location,
or other structural elements described as independent struc-
tures may be combined.

While various aspects and implementations have been
disclosed herein, other aspects and implementations will be
apparent to those skilled 1n the art. The various aspects and
implementations disclosed herein are for purposes of 1llus-
tration and are not intended to be limiting, with the true
scope being indicated by the following claims, along with
the full scope of equivalents to which such claims are
entitled. It 1s also to be understood that the terminology used

herein 1s for the purpose of describing particular implemen-
tations only, and 1s not intended to be limiting.

What 1s claimed 1s:

1. A method comprising:

determining a digital map representative of a physical
environment and of a first robotic device and a second
robotic device within the physical environment,

wherein the digital map includes an indication of a

predicted future location of the first robotic device and

a predicted time at which the first robotic device will

arrive at the predicted future location;
causing the first robotic device to perform a task com-

prising a plurality of task phases, the plurality including

a coordinated task phase to be performed with the

second robotic device, the coordinated task phase com-

prising a transier of an object between the first and
second robotic devices:

during a performance of at least one of the plurality of
task phases by the first robotic device, receiving, from
the first robotic device, task progress data indicative of
which of the plurality of task phases, other than the
coordinated task phase, have been performed by the
first robotic device:

based on the received task progress data, updating the
digital map to include an indication of a change 1n one
or more of the predicted future location and the pre-
dicted time; and

based on the updated digital map indicating the change,
causing the second robotic device to perform the coor-
dinated task phase with the first robotic device at one or
more of the changed predicted future location and the
changed predicted time.

2. The method of claim 1,

wherein the physical environment includes the object,

wherein the digital map turther includes predicted future
locations of the object, and

wherein the updated digital map includes at least one

modification to the predicted future locations of the
object.

3. The method of claim 1, wherein the predicted future
location of the first robotic device includes a predicted future
trajectory of the first robotic device, and

wherein the change in the predicted location includes a

change 1n the predicted future trajectory.

4. The method of claim 1, wherein the predicted future
location of the first robotic device includes a predicted future
set of joint variables of an appendage of the first robotic
device, and
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wherein the change 1n the predicted future location of the
first robotic device includes a change 1n the predicted
future set of joint vaniables of the appendage.

5. The method of claim 1, further comprising:

based on the determined digital map, determining an
anticipated completion time of a performance of the

task by the first robotic device; and

based on the updated digital map, updating the anticipated

completion time of the performance of the task.

6. The method of claim 5, wherein the performance of the
task mvolves the object being delivered by the first robotic
device to a target location after the transier of the object 1s
complete.

7. The method of claim 1, wherein the task 1s a first task,
wherein the plurality of task phases 1s a first plurality of task
phases, and wherein the second robotic device 1s configured
to perform a task comprising a second plurality of task
phases, the second plurality including the coordinated task
phase, the method further comprising:

based on the determined digital map, determining an

anticipated completion time of performance of at least
one of the plurality of task phases by the first robotic
device; and

based on the updated digital map, updating an anticipated

completion time of performance by the second robotic
device of at least one task phase of the second plurality,
other than the coordinated task phase.

8. The method of claim 1, performed by a cloud comput-
ing system that 1s 1in communication with the first and second
robotic devices, the method further comprising:

maintaining a queue of updates to the digital map,

wherein each update to the digital map in the queue
includes data specitying a time at which to publish the
update to a given robotic device of the first and second
robotic devices; and

publishing updates maintained in the queue 1n accordance

with the specified times.

9. The method of claim 1, wherein the first robotic device
and the second robotic device are two different types of
robotic devices.

10. The method of claim 1, further comprising;:

based on the updated digital map indicating the change,

causing the second robotic device to perform, before
the first robotic device and the second robotic device
meet to transier the object, a task mvolving preparation
by the second robotic device to transier the object.

11. A system comprising:

a first robotic device within a physical environment;

a second robotic device within the physical environment;

at least one processor; and

data storage comprising instructions executable by the at

least one processor to cause the system to perform
operations comprising:

determiming a digital map representative of the physical

environment and of the first and second robotic devices
within the physical environment, wherein the digital
map 1ncludes an indication of a predicted future loca-
tion of the first robotic device and a predicted time at
which the first robotic device will arrive at the pre-
dicted future location;

causing the first robotic device to perform a task com-

prising a plurality of task phases, the plurality including
a coordinated task phase to be performed with the
second robotic device, the coordinated task phase com-
prising a transier of an object between the first and
second robotic devices:
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during a performance of at least one of the plurality of
task phases by the first robotic device, receiving, from
the first robotic device, task progress data indicative of
which of the plurality of task phases, other than the
coordinated task phase, have been performed by the
first robotic device;

based on the received task progress data, updating the

digital map to include an 1indication of a change 1n one
or more of the predicted future location and the pre-
dicted time; and

based on the updated digital map indicating the change,

causing the second robotic device to perform the coor-
dinated task phase with the first robotic device at one or
more of the changed predicted future location and the
changed predicted time.

12. The system of claim 11, wherein the second robotic
device 1s a robotic arm having a fixed base at given location
within the physical environment and the first robotic device
1s a dynamic robotic device configured to travel to multiple
locations within the physical environment, and

wherein the change in one or more of the predicted future

location and the predicted time includes a change 1n
one or more of the predicted future location and the
predicted time of the robotic arm.

13. The system of claim 11, wherein causing the second
robotic device to perform the coordinated task phase with
the first robotic device at one or more of the changed
predicted future location and the changed predicted time
based on the updated digital map indicating the change
comprises, transmitting, to the second robotic device, at
least a portion of the updated digital map along with
istructions for the second robotic device to perform the
coordinated task phase with the first robotic device at one or
more of the changed predicted future location.

14. The system of claim 11, the operations further com-
prising:

receiving, from the second robotic device, a query for an

updated map, wherein causing the second robotic
device to perform the coordinated task phase with the
first robotic device at one or more of the changed
predicted future location and the changed predicted
time based on the updated digital map indicating the
change comprises, 1n response to receiving the query,
transmitting, to the second robotic device, at least a
portion of the updated map along with instructions for
the second robotic device to perform the coordinated
task phase with the first robotic device at one or more
of the changed predicted future location.

15. The system of claim 11, wherein receiving the task
progress data includes receiving, from the first robotic
device, a message indicating a completion of a performance
of a given task phase of the plurality of task phases.

16. The system of claim 11, the operations further com-
prising;:
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making a determination that a performance of the task has
been completed;

in response to the determination, updating the digital map
to indicate a completion of the performance of the task;

based on the updated map, selecting a subsequent task to
perform; and

causing the first robotic device to perform the subsequent

task.

17. The system of claim 11, the operations further com-
prising:

determining a prioritization of the first robotic device and

another robotic device that 1s different from the second
robotic device, the prioritization defining relative pri-
ority levels among the first robotic device and the other
robotic device, wherein the prioritization 1s based on a
determination of the first robotic device being involved
in a performance of the task and the other robotic
device not being involved in the performance of the
task; and

transmitting the updated digital map to the first robotic

device and the other robotic device 1n accordance with
the determined prioritization.

18. The system of claim 11, further comprising a plurality
ol other robotic devices within the physical environment,
wherein a performance of the coordinated task phase
involves a performance of the coordinated task phase within
an area of interest of the physical environment, the opera-
tions further comprising:

determiming a prioritization of the plurality of other

robotic devices, the prioritization defining relative pri-
ority levels among the other robotic devices of the
plurality, wherein the prioritization 1s based on a deter-
mination of one or more of: respective distances from
cach of the plurality of other robotic devices to the area
of 1nterest, respective anticipated times each of the
plurality of other robotic devices will take to reach the
arca ol interest, and whether respective anticipated
trajectories ol each of the plurality of other robotic
devices include a least a portion of the area of interest;
and

transmitting the updated digital map to the plurality of

other robotic devices in accordance with the deter-
mined prioritization.

19. The system of claim 11, wheremn the first robotic
device 1s a robotic arm having a fixed base at given location
within the physical environment and the second robotic
device 1s a dynamic robotic device configured to travel to
multiple locations within the physical environment, and

wherein the change 1n one or more of the predicted future

location and the predicted time includes a change 1n
one or more of the predicted future location and the
predicted time of the robotic arm.
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